The aim of this study was to investigate the vegetation dynamics of suboceanic, submontane, mesic beech forests on limestone that are very rich in spring geophytes over half a century, considering changes in abiotic and biotic conditions including global climate change. Vegetation relevés sampled in the Göttinger Wald, southern Lower Saxony, Germany, between 1955 and 1960 (n = 25) and in 1968 (n = 10) were re-surveyed in 2009 on quasi-permanent plots. Differences in species composition, species abundance and vegetation structure were compared between inventories using detrended correspondence analysis (DCA), multiple response permutation procedure (MRPP) and the Wilcoxon signed ranks test. Forty to fifty years ago, a shrub layer was scarcely present, but is common today as a consequence of intensified hunting. An increasing abundance of Allium ursinum, Urtica dioica and Sambucus nigra and a general shift to species composition with higher Ellenberg indicator values for nitrogen can be ascribed to atmospheric nitrogen deposition. The spring geophytes A. ursinum, Corydalis cava and Leucojum vernum can also benefit from global climate change with an earlier start of the vegetation period. A shift towards more oceanic conditions, with mild winters in the past fifty years, may also have increased the competitive strength of evergreen species that are susceptible to long frost periods (e.g. Hedera helix). The resampling of the beech forest vegetation on limestone revealed that many factors have influenced the dynamics over the past half century. These include eutrophication and a reduction in roe deer browsing, but our results also indicate a possible influence of climate change on community composition. In focussing on a small dataset from a very rich sub-unit of beech forests on limestone, the positive response of the spring geophytes becomes particularly obvious.
Introduction
For centuries European forests have been affected by humans, either directly through forest management or, since industrialisation and the intensification of agriculture, indirectly by eutrophication and acid deposition (e.g. FalkengrenGrerup 1986 , Bernhardt 2005 . Though climatic change was present throughout the history of forests (e.g. "the Little Ice Age"; Bradshaw & Zackrisson 1990 , Huntley 1990 , Campbell & McAndrews 1993 , in recent years the global climate warming has emerged as a particularly important factor influencing forest ecosystems, with frequently occuring extreme events (windthrow, drought) that lower forest stability (Overpeck et al. 1990 , Wohlgemuth et al. 2008 . The potential influence of global warming on forest vegetation has so far been mainly investigated by analysing species composition along temperature gradients (e.g. Van der Veken et al. 2004) . Results indicate the possibility of a vegetation shift towards thermophilic and scleromorphic species, while species of cool-temperate regions may be threatened by local extinction. Actual climate-induced vegetation changes have been observed across Europe in terms of an earlier phenology (Dierschke 2000 , Fitter & Fitter 2002 , Menzel et al. 2006 , Sparks et al. 2009 ) or species shifts to higher elevations or latitudes (Root et al. 2003 , Lesica & McCune 2004 , Walther et al. 2005a , 2005b , 2007 , Pauli et al. 2007 , Lenoir et al. 2008 , Walther 2010 . Records of abundance changes at fine scales in different European forest regions as a result of climate change are however scarce (but see Øk-land et al. 2004 and Lenoir et al. 2010) and mainly restricted to an observed spread of some evergreen species (Carraro et al. 2001 , Dierschke 2005 , Hilker et al. 2005 , Diekmann 2010 ) and the early spring-species Allium ursinum (Ahrns & Hofmann 1998 , Böhling 2008 , Schmidt 2009 ). Spring geophytes are especially mentioned as being sensitive to an earlier start of the vegetation period, with a lengthening of their growing season and the possibility of reproduction before canopy closure (Menzel et al. 2006) . Apart from Böhling (2008) and Schmidt (2009) , real evidence for their spread in the Central European forests is, however, missing as most earlier studies on vegetation dynamics focused on species as indicators of eutrophication, acidification or deer browsing (Diekmann & Dupré 1997 , von Oheimb et al. 2005 , Bernhardt-Römermann et al. 2009 ).
The database "Temperate deciduous forests of the Göttinger Wald" (Schmidt et al. 2012 ; ID EU-DE-018 in the Global Index of Vegetation-Plot Databases, GIVD, Dengler et al. 2011 contains 350 vegetation relevés with the first relevés recorded in 1955. This study systematically re-surveyed a small number of old relevés, first recorded between 1955 and 1968, representing a rare, but typical sub-unit of beech forests on limestone around Göttingen that is very rich in spring geophytes (especially A. ursinum, Corydalis cava, Leucojum vernum, Plates A and B) . It has been classified as Melico-Fagetum allietosum by Winterhoff (1960) , "rich beech forest on limestone" by Schmidt (1968) and Hordelymo-Fagetum lathyretosum, Allium ursinum-variant p.p. by Dierschke (1989) . This gave the opportunity to analyse especially the group of early spring species, but also the plant community in general, with regard to a changing climate in the Göttinger Wald and concurrently taking into account other conditions that might have changed during the past half century.
Methods

Study area
All the plots of this study are situated in the Göttinger Wald, a low mountain range formed on Triassic limestone near the city of Göttingen, Germany. Predominant soils in this region are shallow rendzinas with ample nutrient supply. The study area can be assigned to the suboceanic, submontane climate of the German low mountain ranges (measurements at weather station Göttingen: average yearly mean temperature 8.7 °C; average yearly precipitation sum 645 mm). The climate around the study plots at altitudes between 300 to 400 m a.s.l. is slightly cooler with higher precipitation values (approx. 7.4 °C and 709 mm according to Panferov et al. 2009) Winterhoff (1960) , all study sites have been forested at least since the Middle Ages.
Data material and re-sampling
Two datasets of vegetation relevés recorded in a vegetation sub-unit rich in spring geophytes were available: (i) data recorded between 1955 and 1960 on different plot sizes (n = 25, 100 to 200 m²; Winterhoff 1960) ; and (ii) data from 1968 recorded on 100 m²-plots (n = 10; Schmidt 1968) . A re-survey was conducted in 2009. Plots recorded by Schmidt (1968) could be exactly relocated. Plots sampled by Winterhoff (1960) were marked on old maps, but not permanently in the field. Thus, the resurveys of these plots could only be repeated on "quasi-permanent plots" (Röder et al. 1996) , that complied with the historical plot position in terms of inclination and exposition and were homogeneous in forest structure.
In order to record the whole species spectrum, original vegetation surveys, as well as re-surveys were conducted twice per year (in spring, when geophytes were in full bloom, and in summer) using the scale introduced by Braun-Blanquet (1964) . For species sampled in both spring and summer, the respective higher Braun-Blanquet value was considered.
Species were recorded separately for tree layer (woody species > 5 m), shrub layer (woody species < 5 m > 0.5 m), herb layer (woody species < 0.5 m and nonwoody vascular plants) and moss layer.
Most of the plots first sampled in 1968 are located within a small range of the municipal forest Göttingen on a plateau and were barely affected by thinning. These plots could be exactly relocated in 2009. In contrast, plots first sampled in 1955-60 are dispersed across the whole Göttinger Wald area, which in recent years was subject to more or less intensive thinning operations. Here the resurveys could only be repeated on "quasipermanent plots". Therefore, the two datasets were analysed separately.
Data analysis
To illustrate how climatic conditions have changed in the last 50 years in the area of Göttingen, the deviation of mean monthly temperature and precipitation for the 15-year periods 1955 to 1969 and 1995 to 2009 from the long-term mean were determined based on data of the weather station Göttingen (173 m a.s.l; data from the monthly reports published by Deutscher Wetterdienst DWD).
Vegetation data were transformed into mid-point values of the abundance cover degrees as follows: r = 0.1%; + = 0.5%; 1 = 2.5%; 2 = 15%; 3 = 37.5%; 4 = 62.5%; 5 = 87.5% (Dierschke 1994) . Separately for both datasets, an indirect ordination (Detrended Correspondence Analysis, DCA) was performed on arcsine transformed cover values to identify possible coherent shifts of the study plots between different inventories, based on their floristic composition. A multiple-response permutation procedure (MRPP) based on 1,000 permutations using euclidean distance was conducted to identify differences in DCA plot scores along the first two ordination axes between the two inventories. Multi-response permutation procedures are multivariate, nonparametric tests that evaluate the null hypothesis of no difference between groups (McCune & Grace 2002) .
To interpret the possible vegetation change in terms of environmental factors, cover-weighted mean Ellenberg indicator values (Ellenberg et al. 2001) were calculated for each plot and inventory and correlated with the plot scores on the first two ordination axes. Vectors of indicator values were projected into ordination diagrams to visualize ecological intepretation of axes.
Furthermore, mean species richness and mean cover values per plot of the tree, shrub, herb and moss layers were compared between observations. The same was done for single species with cover values > 1% or frequencies > 20% in at least one inventory. Frequency was calculated as the percentage of available plots in which a specific species was recorded. Statistical differences in analysed parameters between the inventories were determined with the Wilcoxon signed ranks test. Results were assumed to be statistically significant at p < 0.05 throughout the work. For all statistical analyses the R software was used (R 2.8.1; R Development Core Team 2008). Ordination and MRPP were conducted using the package vegan (R package version 1.15-1; Oksanen et al. 2008) .
Results
Climatic conditions
During the time period 1955 to 1969 most monthly temperature means were lower compared to the long-term mean (1961 to 1990) . In the second time period (1995 to 2009), however, in all but two months (June and December) higher temperatures were recorded compared to the long-term mean (Fig. 1a) . The greatest increase compared to the time span 1961-90 was in February.
Precipitation values did not show such a clear pattern. However, the monthly amount of precipitation in February, March and May was higher during the period of 1995 to 2009 compared to the earlier time span. In contrast to this, April and the summer months from June to August were drier in the last 15 years compared to half a century ago (Fig. 1b) .
Species richness and cover of vegetation layers
Both datasets display an overall increase in shrub and herb layer coverage in the last 50 years. A significant increase between the inventories 1955-60 and 2009 could be detected for the shrub layer, while the 1968 vs. 2009 comparison showed a significant increase with regard to herb layer coverage (Fig. 2) . Tree layer development differed in the two datasets, with a significant decrease in the first and a slight non-significant increase in the second. Shrub and tree layer species richness showed a similar development from 1955-60 to 2009 as the respective cover values. No significant differences in species numbers could be detected between the re-survey 1968 vs. 2009.
DCA ordination
For both datasets, the DCA ordination diagram shows a directional vegetation change from the first to the recent inventory mainly along the second axis (Fig. 3) . MRPP revealed significant differences in DCA plot scores between inventories for both datasets (dataset 1955-60 vs. 2009 (Fig. 3) . These indicator values also show the highest correlation coefficients with either the first or the second ordination axis ( Table 1 ). The comparison of mean cover-weighted indicator values between observations using the Wilcoxon signed ranks test underlines an increase of nitrogen and a decrease of continentality values for the 1955-60 vs. 2009 dataset and the overall comparison. In the smaller dataset only a significant decrease in temperature values from 1968 to 2009 was detected. Combining both datasets the indicator value for reaction as well showed a significant decrease (Table 2) . nemorosa (whose cover and frequency decreased) and L. galeobdolon agg. (whose cover value significantly increased). Ranunculus auricomus agg., Vicia sepium and Phyteuma spicatum disappeared between 1968 and 2009. The tree layer was characterised by an increasing dominance of F. sylvatica, which also gained in the herb layer and nonsignificantly in the shrub layer. The regeneration of F. excelsior developed in a similar way (Table 4) .
Bryophyte species were rarely detected. Appreciable cover values could only be found in 2009 on plots first recorded in 1955-60, but the increase between inventories was not significant (Table 3) . 
Discussion
Tree species development
The vegetation of beech forests on limestone can be considered as relatively stable due to the longevity of many forest plants. These plants tend to depend on vegetative propagation and consequently, have a low dispersal capacity (Eriksson & Ehrlén 2006) . Thus, to identify an influence of changing abiotic conditions on the vegetation, long-term monitoring on permanent plots is needed to identify decreasing or increasing trends of plant species (Dierschke 2009 ). In the present study, considering a period of more than 40 years, the vegetation showed several changes in structure and composition that can be attributed to changing abiotic and biotic conditions. The plots first recorded in 1955-60 were affected in recent years by forest management. This can explain a decrease in tree layer coverage and species numbers as the management of these forests was mainly conducted to increase the proportion of commercially valuable broadleaved tree species (e.g. Acer pseudoplatanus, Fraxinus exelsior) at the expense of the dominant beech (Wagenhoff 1975 , Meyer et al. 1999 ). As shown in other studies in forests on limestone, the gap creation by forest management (or by windthrow) promotes natural regeneration especially of beech and ash (Lambertz & Schmidt 1999 , Kompa & Schmidt 2006 . The results presented here are in accordance with these earlier studies.
In contrast, plots of the younger resurvey were less affected by thinning by the forest owners after the first survey, resulting in the dominance of beech and reducing light availability. Nevertheless, tree regeneration in the shrub and herb layer also increased on these plots with time. Half a century ago, the tree regeneration strongly suffered from roe deer browsing which totally excluded the development of a shrub layer (Klötzli 1965 , Eggert 1985 
Changes in herb layer species
Besides the regeneration of valuable broadleaved tree species, herb layer species are also directly affected by browsing and benefit from its reduction (Morgenroth 1992) . Anemone nemorosa, A. ranunculoides, Hedera helix and Lamium galeobdolon agg. are all preferred food species (Schmidt 1978 , 1988 , Gill & Beardall 2001 , Dierschke 2009 . In this analysis these species all increased in either one (A. nemorosa, L. galeobdolon agg.) or both datasets (A. ranunculoides).
Contrasting developments for A. nemorosa and L. galeobdolon agg. in both datasets can be ascribed to the increasing dominance of Allium ursinum, which reduced other former abundant species like L. galeobdolon agg. on plots first recorded by Winterhoff (1960) or A. nemorosa on plots first surveyed in 1968 (Schmidt 1988 , Böhling 2008 . Consistent in both datasets is the reduction in cover of M. perennis. Böhling (2008) regards this species as the last antagonist of A. ursinum, and it has been observed to gain dominance after the dieback of A. ursinum in late spring (Werger & Van Laar 1985) . However, in the Göttinger Wald this species has declined in recent years (Schmidt & Schmidt 2007 , Dierschke 2009 , Schmidt 2009 ). This can be attributed to a reduction in the light availability due to increasing tree regeneration, to fungal infections and to extreme summer dryness, especially in June (Fig. 1b,  Schmidt 2009 ).
The spring geophyte Allium ursinum
On the other hand, the increase in the spring geophyte Allium ursinum corresponds with results from other German forests (Bücking 1989 , Ahrns & Hofmann 1998 , Böhling 2008 . Several reasons are mentioned for this spread, such as the eutrophication of forest soils by atmospheric nitrogen deposition (Ahrns & Hofmann 1998 , Bobbink et al. 1998 , Brunet et al. 1998 , Bernhardt-Römermann et al. 2009 ). This is supported by concurrent range expansion of the nitrophilous species Urtica dioica and Sambucus nigra on plots first recorded in 1955-60. There is a general shift of the vegetation composition towards species with a higher indicator value for nitrogen in both datasets. A rise in nitrophilous species in recent decades has also been observed in the Netherlands (Tamis et al. 2005) , in northern Germany and in Sweden (Diekmann 2010) , as well as in the Czech Republic (Chytrý & Danihelka 1993 , Hédl et al. 2010 . For Central Europe, Fischer (1999) has summarized results of floristical changes caused by changing site conditions. Furthermore, A. ursinum may have benefitted from changing microclimatic conditions within the forest. Winterhoff (1977) ascribed the incomplete prevalence of A. ursium in the Göttinger Wald to the formerly used coppice-with-standard system, which is characterised by high light levels on the ground and is therefore, unfavourable for this hygromorphic species. With the change towards high forest, though, the microclimate became darker, reducing the competitiveness of lightdemanding species, as well as cooler and moister, promoting the spread of A. ursinum. The development in cover weighted indicator values for temperature (decrease) and moisture (increase) supports the importance of changed microclimatic conditions.
Influence of climate change
The global climate change might also have positively influenced the spread of A. ursinum. The analysed climate data of Göttingen show that the last 15 years have been characterised by higher temperatures, especially in winter and early spring, compared to fifty years ago. Consequently, the forest soil is warming up earlier. Combined with higher precipitation values in February and March, providing a good water supply, these high temperatures allow an earlier start of the growing season and particularly favour the early starting species A. ursinum, A. nemorosa, A. ranunculoides, C. cava and L. vernum . Most of these species increased in mean cover value. Reductions in frequency may be the result of the high competition from A. ursinum on some plots (see above). Kirby et al. (2005) showed that 47 of 332 species of British forests were positively influenced by higher spring temperatures. Among these species was A. nemorosa, for which De Frenne et al. (2010) found a positive correlation between higher winter temperatures, an earlier start of the growing season and generative reproduction. Philip & Petersen (2007) demonstrated positve effects of high winter temperature on the rhizome growth of this spring geophyte. With more precipitation in May, as observed in Göttingen, the growing season of these early spring-green species can even be prolonged promoting reproductive success (Böhling 2008) . However, considering the reduced precipitation in April, in combination with increased temperatures in the recent decade compared to the long-term mean, soil moisture can as well become a limiting factor for the growth of spring geophytes in the future (Leuschner & Lenzion 2009) .
Hedera helix is another species benefitting from more oceanic conditions with mild winters, though the positive effect of reduced roe deer browsing has as well to be taken into account. This species was already described by Iversen (1944) as a climate indicator that is limited by the absolute value and the duration of low temperatures. In recent years, it showed a spread in the Göttinger Wald (Dierschke 2005) . The plots first recorded by Winterhoff (1960) support this trend. Similar observations of this "laurophyllisation" (applying also to the species Ilex aquifolium, Mahonia aquifolium and Vinca minor) have been made in southern Switzerland (Walther & Grundmann 2001) , Great Britain (Kirby et al. 2005) , northwestern Germany and Sweden (Diekmann 2010) . H. helix is particularly exposed to frost when climbing trees (Dierschke 2005) . Thus, in the future, recording the different growth forms would give an even better indication of a climatic influence than just the development of herb layer cover values. As shown in this study, the detected vegetation dynamics are the result of various interacting abiotic (eutrophication, changes in micro-and macroclimate) and biotic (reduction in roe deer browsing, increased competitiveness of A. ursinum) factors. Hédl et al. (2010) attributed decreases in indicator values for temperature and continentality solely to management changes. It is therefore, almost impossible to identify global climate change as the main driving force of vegetation changes (Huteau & North 2008) . Nevertheless, our data, collected in the Göttinger Wald over half a century, provide further evidence for an influence of mild winters and an earlier start of the vegetation period on forest plant species and supplement the studies from Switzerland, Great Britain or Norway (Walther & Grundmann 2001 , Økland et al. 2004 , Kirby et al. 2005 . The focus on a rare but very rich sub-unit of beech forests on limestone allows to highlight the uniform reaction of spring geophytes in both datasets, which can be ascribed to changes in climatic conditions. These analysed sets of vegetation relevés are, however, only a small part of the present database on "Temperate deciduous forests of the Göttinger Wald". The intended evaluation of the whole community of beech forests on limestone (Hordelymo-Fagetum lathyretosum) in the near future will determine if the detected trends are universal for this community or restricted to its rich sub-unit.
